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 Commercial buildings such as educational and commercial offices require large amounts 
of fresh air to maintain the indoor air quality as required by the building codes. This raises the 
energy costs of the buildings, especially when the number of occupants are large. In order to 
reduce the energy costs, traditionally, energy is recovered from the outgoing exhaust air to the 
incoming fresh air by use of various energy recovery technologies. The proposed advanced 
energy recovery system consists of desiccant, and heat wheels along with an indirect 
evaporative cooler (M-cycle). When this system is integrated into the air-conditioning system of 
the building it has a potential to significantly reduce the energy costs, and pave the way for use 
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In 2014 an Icelandic glaciologist named Oddur Sigurdsson pronounced the glacier 
Okjokull officially dead. This means the glacier is no longer thick enough to move. Okjokull is the 
first Icelandic glacier to officially lose its status as a glacier. In August of 2019 a plaque was 
placed on the site of the former glacier, which is located northeast of Reykjavik, to 
commemorate the loss of its status as a glacier. The dedication includes to following text: 
“A Letter to the Future 
Ok is the first Icelandic glacier to lose its status as a glacier. In the next 200 years all our glaciers 
are expected to follow the same path. This monument is to acknowledge that we know what is 
happening and what needs to be done. Only you know if we did it.” 
At the end of the dedication the concentration of carbon dioxide in the air globally at the time 
of the dedication is included (415 ppm CO₂) [1]. This event serves as a reminder to what may be 
one of the greatest challenges we face in our immediate future and will have a lasting impact 
on future generations. Since the mid 1960’s global temperatures have been steadily increasing 
at a rate of 0.0135°C and has been most commonly called global warming (or climate change) 
[2]. The increase in temperature is attributed by the majority of the global scientific community 
to the increased emissions of greenhouse gases (like carbon dioxide). Increasing the amount of 
these gases in the atmosphere begins to make our planet behave like their namesake, a 
2 
greenhouse. Greenhouse gases prevent heat loss from the planet into space by trapping heat 
energy released from the Earth in the atmosphere. This raises the temperature of the planet by 
radiating heat back to the surface. This causes a myriad of problems from the melting of 
glaciers and the polar ice caps to increases in severe weather (droughts, hurricanes, tornados, 
etc.) due to unusual weather patterns. In 2016 more than 180 countries signed the Paris 
Agreement to help mitigate some of the concerning issues surrounding global warming. This 
agreement is a long-term commitment to limiting the increase in global temperature to 1.5°C to 
help reduce the risks and impacts on the planet attributed to global warming [3]. One way to 
help combat the effects of climate change includes developing new technologies to remove 
greenhouse gases from the atmosphere, finding ways to reduce our current emissions, and 
finding better alternatives to our industries that generate greenhouse emissions (such as 
industrial and power industries). 
 
1.2. Commercial Energy Consumption 
Since the 1970’s the United States has seen a steady rise in end use electricity 
consumption [4]. End use electricity includes any source that is directly used by the end user 
such as heating, lighting, computers, and more. Figure 1 shows the increase in consumption 




Figure 1 Total End Use Electricity Consumption in the U.S. [4] 
 
While the use of electricity has been rather steady throughout the most recent years, it 
is still expected to rise over future decades. The largest consumers of electricity are commercial 
and residential sectors [4]. Heating and cooling account for a large portion of each of the 
previous sectors consumption [5]. 
 
1.3. Peak Cooling & Heating Loads 
Before determining the size of a heating system, the heat that must be extracted or 
added (load) must be determined first. The load will vary based on a number of factors such as 
building size, desired room conditions, ambient (outdoor) conditions, number or occupants, 
and equipment in use to name a few. Some of these factors will have fixed values (such as 
building size), while some of these factors, like the ambient conditions, will vary not just daily, 
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but from hour to hour.  For this reason determining the largest load placed on the system is 
required. The largest load occurs typically at two different times in the year. The maximum load 
associated with heating is called the peak heating load (PHL). The maximum load associated 
with cooling is the peak cooling load (PCL). By designing a system to these two conditions, the 
system will be able to handle all other conditions encountered throughout the typical year.  
To determine the ambient conditions for a given location the typical meteorological 
year (TMY) dataset is used. This dataset uses the hourly ambient data for a range of years to 
determine what the typical values for a given hour would be. The TMY dataset is currently on 
its third iteration (TMY3) and aggregates the data from more than 1000 weather stations 
spanning from 1976 through 2005. This dataset is maintained by the National Renewable 
Energy Laboratory and is openly available to the public. 
 
1.4. Thesis Objectives 
 The objective of this thesis is to show that a system utilizing advanced energy recovery 
technologies can be employed to satisfy the cooling and heating requirements for a small 
commercial building. The individual technologies employed will be reviewed and the proposed 
system comprised of these will be presented. Using this system design, a model of the heating 
and cooling operation for the peak load conditions is developed. The model and results will be 
discussed in detail for the city of Chattanooga, TN. Other selected locations have also been 
analyzed and will be presented in the appendices of this thesis. A simple cost analysis for this 








CHAPTER 2: LITERATURE REVIEW & THEORY 
 
 
2.1. Indirect Evaporative Cooling 
Evaporative cooling is based on a simple principle, as water evaporates the latent heat 
of vaporization is absorbed from the surrounding air and the water source resulting in a cooling 
of the water and air. This is a concept that has existed as far back in time as the ancient 
Egyptians. Conventional cooling systems operate using a refrigeration cycle, but require higher 
operation and initial costs. Evaporative cooling systems have begun gaining traction as a viable 
option for modern air-conditioning systems due to their simplistic structure and use of water 
evaporation as a means of heat absorption. The downside to using a direct evaporative process 
is that the air and water source are in direct contact. This results in the evaporated water being 
combined with the air to create a more humid environment. This can lead to discomfort in the 
conditioned areas that the system services. This issue has led to a newer design to this process 
called Indirect Evaporative Cooling (IEC). In IEC the air and the water source are kept separated 
through the use of a heat exchanger. During operation there are two different areas, a wet-side 




Figure 2 Example of Indirect Evaporative Cooling 
 
The air that is to be cooled (product air) passes over the dry side of the plates, and the 
secondary (exhaust) air is passed over the wet side. The wet side air stream absorbs heat from 
the product stream by water evaporation. This cools the dry side air while the latent heat of the 
vaporized water is transferred to the wet side air stream. This provides cooling to the dry air 
without the addition of moisture from the evaporation from the wet-side plates. This cooler air 
can now be supplied to the space that requires air-conditioning. This setup can yield a 
coefficient of performance (COP) of 15 or higher [6]. This is much higher than the COPs yielded 
through vapor compression cycles (2 to 3) or absorption systems (0.4 to 1.2) [6]. Another 
benefit to this type of system is that the working fluid is water as opposed to some version of 
refrigerant. The one major limitation to this system is that it directly relies on the ambient 
conditions. Specifically, the temperature difference between the dry-bulb and wet-bulb 
temperatures directly drives the IEC system. 
 
2.2. M-Cycle Indirect Evaporative Cooling (IEC) System 
To overcome the limitations of the Indirect Evaporative Cooling (IEC) system, Dr. Valeriy 
Maisotenko proposed a new approach to the heat exchanger operation that would become 
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known as the Maisotenko Cycle (or M-Cycle). Through the use of a flat plate perforated heat 
exchanger in a counter-flow configuration, the M-Cycle gains extra usable energy from the 
ambient air conditions. The M-Cycle allows for the supplied air to be cooled to the dew point 
temperature as opposed to the wet bulb temperature without adding moisture content. The 
heat exchanger setup differs from traditional IEC systems by using the working intake air for 
cooling and saturation and then cooling the dry air. Figure 3 shows a simple schematic of the 
M-Cycle cooler. The incoming air (State 1) is initially brought into the dry channels and cooled 
due to the temperature difference between the dry and wet sides of the exchanger plate. Part 
of the air stream is diverted through the perforated holes into the wet channels. The air flowing 
through the wet channel removes the evaporated water from the wet plate surface and 
receives the sensible heat transfer across the plate. This hot and saturated air is then exhausted 
from the M-Cycle cooler to the ambient conditions. The air flowing across the dry side of the 




Figure 3 Indirect Evaporative Cooler (M-Cycle) Configuration 
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The performance of the M-Cycle can be characterized by using the following equations 
for wet-bulb effectiveness and dew-point effectiveness. 
 
 









The typical range for the wet-bulb effectiveness is 92-114% with a reasonable average 
assumption of 105% [7]. The typical range for the dew-point effectiveness is 58-84% with a 
reasonable average assumption of 72% [7]. 
 
2.3. Rotary Air-To-Air Energy Wheels 
A rotary air-to-air energy exchanger, or enthalpy wheel, has a rotating cylinder filled 
with an air-permeable medium with large internal surface area. The two air streams flow 
through half of the exchanger in a counter-flow orientation (Figure 4). The material used for 





Figure 4 Rotary Air-To-Air Heat Exchanger [8] 
  
For sensible only heat transfer, the medium picks up and stores heat from the hot air 
stream and releases it to the cold stream. Latent heat transfer occurs when a medium is 
selected and treated with a desiccant that can absorb water vapor from the stream with the 
higher humidity and desorbs it to the lower humidity air stream. The moist air is dried, while 
the drier air stream is humidified. These types of exchangers are compact and can achieve a 
high transfer effectiveness. Typical desiccant treatment include zeolites, molecular sieves, silica 
gels, activated alumina, titanium silicate, synthetic polymers, lithium chloride, or aluminum 
oxide and are chosen by their specific moisture recovery properties. Leakage between the two 
air streams can occur primarily by either carryover or seal leakage. This can be mitigated to 
some extent by including a purge section or by placing blowers so that they promote leakage 
from the outdoor air to the exhaust stream. Carryover cannot be completely eliminated in 
these exchangers, but can be greatly reduced by using a purge section. Due to this, applications 
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that require strict control over carryover such as hospitals, laboratories, and clean rooms may 
not be ideal. For most other applications recirculating some air is not typically a large concern. 
Rotary wheel exchangers require little maintenance and are self-cleaning due to the reversal of 
airflows in each rotation. 
 
2.3.1. Heat Wheels 
A thermal wheel, or heat wheel, is a device that exchanges energy between two streams 
of air. A heat wheel typically consists of a matrix of heat absorbing material that slowly rotates 
between the exhaust and supply air streams. As the wheel rotates, heat is captured from the 
exhaust air stream and releases to the supply air stream. For the application of this thesis the 
heat wheel to be used is intended to recover temperature only. The heat wheel employed is 
considered to be sensible meaning the moisture content of each stream is unchanged. A 




Figure 5 Sensible Heat Wheel 
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A heat wheel is only used to exchange heat energy (temperature) and is proportional to 
the temperature gradient across each side. For summer operation, the temperature of the 
supply air is decreased, while the exhaust air temperature increases. During winter operation 
the supply air temperature is increased, while the exhaust air temperature decreases. Energy 
wheels also have the ability to adjust rotational speed via a variable speed motor. The ability to 
adjust the rotational speed of the wheel also allows for more control over the heat transfer that 
occurs. Heat wheels have two main advantages over a flat plate exchanger. The first being that 
heat wheels are very compact for large volumetric flow rates. The second is that heat wheels 
have higher efficiencies (65-80%) than flat plate exchangers (50-75%) [8]. 
 
2.3.2. Desiccant Wheels 
A desiccant is a substance that is used to remove moisture in whatever application it is 
used. One of the most common encounters of a desiccant would be the little packages of silica 
gel found in retail shoe boxes. These little porous packages contain beads of silica gel which are 
employed to absorb humidity from the product (in this example the pair of shoes). A desiccant 
wheel aims to do the same job on a larger scale by removing moisture from an air stream as it 
passes through. For air-conditioning systems, a rotary desiccant wheel system is employed. A 
desiccant wheel is very similar in composition to a heat wheel with one key difference. The 
matrix that is in contact with the air streams is coated with an agent with the sole purpose of 
dehumidifying one of the air streams. The air stream that requires dehumidification enters the 
desiccant wheel, where the moisture is removed via the desiccant material by the sorption 
process. The dehumidified air then exits the wheel hot and dry. The other stream that is going 
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being humidified by the desiccant wheel is also preheated prior to entering the wheel to 
increase the amount of moisture that is transferred. The air that is to be dried is passed through 
the rotating wheel where the desiccant material will adsorb moisture from the stream. The 
desiccant then passes through the regeneration stream where the higher temperature air 
stream adds enough energy to the stored water molecules to overcome the chemical attraction 
between them and the desiccant. This is a temperature driven process and by using a preheater 
for the regeneration stream, the amount of moisture that can be removed is increased. An 
example of this system can be seen in Figure 6 where the upper stream is the regenerating 
stream that is preheated and the lower stream is the process air that is going to have its 
moisture content reduced. It should be noted that for summer (cooling) operation, the process 
stream will begin with the outdoor conditions. The stream returning from the conditioned 
space is the regeneration stream. For winter operation, this process is reversed. The outdoor air 
will enter the system cold and dry and need to be humidified before ultimately being supplied 














CHAPTER 3: DESIGN CRITERIA 
 
 
3.1. Analysis Locations 
The system proposed by this thesis is to be analyzed for various cities that represent 
different climate zones (Figure 7) in the continental United States as given by the American 




Figure 7 ASHRAE/IECC Climate Zone Map [10] 
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The cities selected (see Table 1) to represent each zone were chosen to ensure that the 
weather data was available to find the design day loads via the Transient Analysis of Building 
Loads and Energy Requirements (TABLER) program. The chosen cities represent areas with 
significant populations (>100,000) that would potentially benefit the most from the proposed 
advanced recovery system and have reliable weather data available. 
 
Table 1  Cities representing ASHRAE zones 
 
Zone Represented Cities 
Zone 1 Miami, FL   
Zone 2 Houston, TX Phoenix, AZ  
Zone 3 Abilene, TX   
Zone 4 Chattanooga, TN New York City, NY  
Zone 5 Chicago, IL   
 
Zone 2 has two locations selected to cover the moist and dry sections of the ASHRAE 
map (Figure 7). Phoenix, AZ was selected to determine the benefits of using this system in a 
zone where the outdoor moisture content will be significantly lower for the summer load. New 
York City, NY represents zone 4, but also sits very close to the boundary for zone 5. 
Chattanooga, TN is the sample case from Dr. Dhamshala’s initial analysis of this system and is 
included as a benchmark case. 
 
3.2. Weather Profile 
The hourly building loads for the design day (heating or cooling) are given in the TABLER 
data sheet (Figure 10). These data sheets display the design conditions of the building space 
and give the hourly data for the peak cooling and heating days. Using the specified data at the 
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hour of the peak load, the maximum load on the system can be determined. The reason for 
applying the system to the peak cooling and heating load is that the greatest load on the 
system occurs at these dates and times. Any other date and time should fall below the max 
loads and can easily be handled by a system designed with respect for them. For example the 
heating and cooling loads for the design days for Chattanooga, TN are shown in Figure 8 and 
Figure 9. These figures include the hourly ambient temperature (A. Temp), relative humidity (R. 
Hum), setback temperature (S. Temp), and the space load (Sp. Load). These values are plotted 
for the date where the peak loads occur according to the TABLER data sheets. These figures 
show how the space load changes in relation to the ambient conditions (temperature and 









Figure 9 Winter Building Load & Weather Profile 
 
The TABLER sheet also provides information regarding the economic impact of the 
design day load conditions. The utility cost analysis is generated for each month of the year 
based on the inputs to the program. The TABLER program computes cost analysis based on the 
entire years’ worth of data from the TMY3 dataset. One thing to note about the TABLER data 
sheet seen below is that the relative humidity is not included. This value will be retrieved from 
the TMY3 dataset for each city as needed to establish the state properties for the outdoor air 
conditions. The TABLER data sheets for the other selected locations are located in APPENDIX A. 
The example TABLER sheet shown in Figure 10 can be broken up into three sections. The top 
section includes information relevant to the building load. This includes the input parameters 
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for the TABLER program that include the building dimensions, heat transfer factors, number of 
expected occupants, infiltration requirements, and electrical loads due to equipment and 
lighting. All of these items factor into the calculated building loads the program outputs. The 
second section, in the middle of the table, is the hourly load conditions for the peak heating 
and cooling loads. Also given here is the total load and latent load at the peak conditions. The 
lower part of the TABLER sheet includes a monthly utility cost analysis based on the various 
inputs for electrical loads, heating, and cooling. This is based on the price of electricity that is 





Figure 10 TABLER Data Sheet for Chattanooga, TN 
CHATTANOOGA TN 35 2 85 12 75
Time 5:03:23 PM Date: 11/1/2019
(TABLER)Transient Analysis of Building Loads and Energy Requirements  Zone:1
Envelop Roof East Wall South Wall West Wall North Wall Floor NE Wall SE Wall SW Wall NW Wall
Area(ft^2): 6400 800 600 800 600 6400 0 0 0 0
Glass Area (ft^2): 0 0 200 0 200 0 0 0 0 0
U-Factor(Btu/hr ft^2.F): 0.055 0.251 0.251 0.251 0.251 0.08
Type: 5 13 13 13 13 6
No of Occupants (day) = 100  (night) = 0  (holidays) = 0 Renw System:1  Mode:1  Life(yrs):  Util P.Fac:2  Cap Cost:2.7  Payback = 
Equip Elc Load, kW (day) = 6  (night) = 0  (holidays) = 0 No hrs/yr:  Heat Eqpmt on: 0  Cool Eqpmt on: 0  Eqpmt Off: 0
Elec. Lights,W/ft^2 = 0.5  (night) = 0.1  (holidays) = 0.1 DCV System Off  Zc =   Energy Recovery System: Off  Sen.Eff: 0.85  Lat.Eff: 0.85
Infiltration,fraction of ACH = 0.15 Ventilation,cfm/person = 15 Hot Water Cons.gal/person/day = 2  U-of Glass(Btu/hr.ft^2.F) = 0.8
S.C. of Glass = 0.85  Elec Power Cost,cents/kWh = 12 Gas Fuel Cost, cents/therm = 90  Economiser: OFF  Elec kW limit: 20  kW cost: 10
Wint:Therm set = 72 F  N. Setback = 72 F  Throtl Range = F Sum: Thrm set = 75 F  N.Setback = 75 F  Throtl Range = F
Pk H/lat.Load,tons = -17.23/4.7 in Month = 12 on Day = 20 at hr = 7
: Peak C/maxll, tons = 21.29/7.9 in month = 6 on Day = 28 at hr = 16
Approx Recommended Cap of Heating Equipment, tons = 22 : Approx Recommended Cap of Heating Equipment, tons = 26
On Peak Heating Day: On Peak Cooling Day:
Time A.Temp S.Load H.Added S.Flux S.Temp Time A.Temp S.Load Heat Extr S.Flux S.Temp
hr (deg F) (Btu/hr) (Btu/hr) (Btuh/sft) (deg F) hr (deg F) (Btu/hr) (Btu/hr) (Btuh/sft) (deg F)
1 19.04 -193983 -189330.3 0 72.3 1 75.92 124942 123247 0 75
2 17.96 -196763 -192334.2 0 72.3 2 75.02 121975 120996 0 75
3 17.96 -198677 -194586.3 0 72.4 3 73.04 106888 105496 0 75
4 17.06 -200499 -195285.8 0 72.4 4 73.04 105229 103342 0 75
5 15.98 -203596 -197604.5 0 72.4 5 73.04 103599 101142 0 75.1
6 15.98 -205216 -198612.1 0 72.4 6 71.96 94832 92810 0 75.1
7 15.98 -206804 -199738.9 0 72.4 7 75.92 109232 108534 0 75
8 15.98 -167915 -157786 0 72.2 8 82.04 168935 171954 0 74.7
9 17.96 -143366 -131647 0 72.1 9 84.92 206424 210612 0 74.6
10 19.94 -133392 -121356 0 72 10 89.96 229771 235617 0 74.5
11 21.02 -119238 -107267 0 72 11 91.94 234600 240623 0 74.4
12 23 -110279 -97708 0 71.9 12 95 235652 240406 0 74.4
13 26.06 -100626 -88402 0 71.9 13 95 240794 244772 0 74.4
14 28.94 -92406 -79892 0 71.9 14 96.98 244446 247951 0 74.4
15 30.92 -88955 -75950 0 71.8 15 96.98 246032 249205 0 74.4
16 33.08 -88496 -74407 0 71.8 16 98.06 255502 259008 0 74.4
17 33.98 -88217 -77060 0 71.8 17 96.98 236299 238614 0 74.5
18 33.08 -95724 -85922 0 71.9 18 95 232800 235715 0 74.5
19 32 -129708 -121916 0 72 19 93.02 207225 208725 0 74.6
20 30.92 -132047 -124777 0 72 20 89.06 199071 200265 0 74.6
21 30.02 -172736 -168762 0 72.2 21 84.92 148153 145557 0 74.9
22 28.04 -176203 -172407 0 72.3 22 84.02 144176 142471 0 74.9
23 28.94 -175137 -169984 0 72.2 23 82.94 139546 138186 0 74.9
24 28.04 -176967 -172292 0 72.3 24 80.06 139636 138819 0 74.9
Utility Cost Analysis
Jan Feb March April May June July Aug Sept Oct Nov Dec t.year
ac: 0 0 0 463 951 1487 1776 1613 1228 536 0 0 8054
eqp: 151 144 158 151 158 151 151 166 137 166 151 137 1821
aux: 126 99 79 69 75 106 128 114 76 65 71 122 1130
lit: 122 113 125 120 125 120 122 128 114 128 120 116 1453
edmd: 0 0 0 178 182 203 201 194 186 171 0 0 1315
wat: 58 57 54 48 48 40 38 44 39 53 54 53 586
telc: 456 413 416 1030 1539 2107 2415 2258 1779 1119 396 427 14355
erht: 0 0 0 0 0 0 0 0 0 0 0 0 0
heat: 725 574 351 188 50 2 0 0 7 169 350 726 3142
cheat: 0 0 0 0 0 0 0 0 0 0 0 0 0
cexet: 0 0 0 0 0 0 0 0 0 0 0 0 0
RevRn: 0 0 0 0 0 0 0 0 0 0 0 0 0
tuty: 1181 987 767 1218 1589 2109 2415 2258 1786 1288 746 1153 17497
nhy1 = 3439 nhy2 = 735 nhy3 = 492 nhy4 = 4094
Pk kW Dem: 40.3 kWh. Conp/yr: 113325 kWh Cost/yr,$: 13043 therms/yr: 0 GasCost,$: 0 E.D.Cost,$/yr: 1315
20 
3.3. Building Profile 
The building that will be considered for this thesis will be a light commercial building 
with 100 occupants. The building profile will also be consistent across all the cities that are 
considered. The TABLER data sheets include the areas and heat transfer coefficients (U-factors) 
for the walls, roof, and floor. The building will be maintained at 76°F (24.4°C) and 55% relative 
humidity during the summer and 72°F (22.2°C) and 50% relative humidity for the winter 
conditions. Other building characteristics are shown Table 2.  
 
Table 2 Building Properties 
 
Floor Area 6,400 - 10,000 ft² 
Walls Face brick and 4 in h.w. concrete with 0.61 in insulation 
Occupants 100 
Lighting 0.5 W/ft² 
Equipment 6 kW 
Ventilation 15 cfm/occupant 
 
A consistent building profile is to ensure a reasonable comparison between cities. The 
analysis for Chattanooga was based on previous analysis done by Dr. Dhamshala and the area 
of that building was 6,400 square feet. The other cities analyzed for this thesis have a building 
floor area of 10,000 square feet. The building profile is loaded to the TABLER program 
developed by Dr. Prakash Dhamshala to give the hourly load profile for the date the peak 
cooling and heating loads occur.  This data sheet is generated using the transfer function 
method which is outlined in detail in APPENDIX E. Due to the transient nature of ambient 
temperature and solar energy, the building load at any given hour is affected by the conditions 
of the previous hours as heat dissipates throughout the roof, walls, and floor of the building. 
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The transfer function method takes into account the thermal storage effect of the solar energy, 
occupants, lighting, and equipment in use.  Using the properties of the building, the base case 
information can be obtained. The program outputs the building loads for a conventional 
heating and cooling system (Figure 11). We can then use this data to determine the 




Figure 11 Typical Air Conditioning System 
 
The proposed system will utilize a desiccant wheel and heat wheel system in the heating 
and cooling system. An indirect evaporative cooler (M-Cycle) will also be used for the cooling 
load setup. The goal is to determine the reduction of the heating and cooling loads, determine 
the yearly savings over a conventional system, and to determine the viability of this system for 
each location selected to represent the ASHRAE climate zones. 
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3.4. System Setup & Design 
The system proposed in this thesis will combine the use of a heat wheel, desiccant 
wheel, and M-Cycle system (for cooling load). For the heating load scenario, the M-Cycle 
system will need to be able to be removed or bypassed as it is not needed. Figure 12 shows the 
proposed system for summer time operation. State 1 as shown in Figure 12 corresponds to the 
ambient conditions or outside air (OA) conditions. The temperature, T₁, and humidity ratio, ω₁, 
are dependent on the location and will vary from city to city. The mass flow rate, ṁ₁, is building 
specific and is based on the building air flow requirements and estimated peak load. The air 
enters the desiccant wheel at temperature T₁ and humidity ratio ω₁ while regenerated air from 
State 12 at temperature T₁₂ and humidity ratio ω₁₂ is supplied to dehumidify the OA. Heat 
energy is supplied via heater H to increase the temperature T₁₂ to assist in dehumidifying the 
OA. The greater the value of T₁₂, the greater the amount of dehumidification that occurs with 
the OA in the desiccant wheel. Due to the rise in temperature after dehumidification that 
occurs between State 1 and State 2, the air stream is then passed through the heat wheel to 
reduce the temperature to State 3 (T₃). To reduce the temperature at State 3, a mixture of air is 
passed through the heat wheel from State 10. The air at State 10 is a mixture of the exhaust air 
from the building space (State 8) and air brought in from the outdoor conditions (State 9) 
through mixing box 1 (MB1) to balance the mass flow rate through the system. To further 
reduce the temperature of the supply air stream, an indirect evaporative cooler is employed 
between State 3 and State 4. The air at State 4 is then mixed with the return air (State 7) from 
the building space in mixing box 2 (MB2) so that the temperature and humidity ratio at State 5 
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is much lower than a conventional system. This results in a lower required cooling capacity for 




Figure 12 System Design for Summer Operation (Cooling Load) 
 
Figure 13 shows the configuration used for the winter operation conditions. It should be 
noted that for the winter operation, the M-Cycle is bypassed as it is not needed to reduce the 
temperature in this system. State 0 is the outdoor air conditions (T₀, ω₀) based on the weather 
data for the location. Heat is supplied to the heater (H1) to the air leaving the heat wheel to 
raise its temperature to a suitable value (T₂) for regeneration via the desiccant wheel. Raising 
the temperature at State 2 to a suitable value helps with recovering moisture from the air 
entering the desiccant wheel at State 8. The air exiting the desiccant wheel (State 9) is used in 
the heat wheel to raise the temperature of the outside air (State 0) to reduce the required heat 
that must be supplied to the heater, H1. A humidifier is utilized to increase the humidity of the 
air at State 3. The water supplied to the humidifier at State 11 is much lower than what would 
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be required by a conventional system due to humidification occurring through the desiccant 
wheel prior to reaching the humidifier. The humidified air at State 4 is then mixed with the 
return air from the building space at State 7 in the mixing box (MB). By recovering heat energy 
in the heat wheel and moisture in the desiccant wheel from the return air stream the amount 





Figure 13 System Design for Winter Operation (Heating Load) 
 
3.5. System Model 
For the proposed system, two programs developed by Dr. Prakash Dhamshala are 
utilized for determining the output values for the heat wheel and desiccant wheel. The heat 
wheel program was developed utilizing the methods outlined by Yilmaz & Büyükalaca [11]. A 
second program, based on the methods from De Antonellis et al. [12], is employed to 
determine the exit conditions for the desiccant wheel. Figure 14 shows the interface for the 
Model of Desiccant Wheel System (MDWS) program that is used to model the performance of 
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the desiccant wheel. The blue boxes are the user inputs. For this thesis the values for the 
process air velocity (2.12 m/s), wheel speed (15.5 rev/h), and velocity of regeneration air (2.34 





Figure 14 Program Interface for Desiccant Wheel Model 
 
For the mixing boxes in the system we employ the following equation related to the 
diagram shown in Figure 15. 
 
 X3 = X1 +
m2
m1 + m2
(X2 − X1) (3) 
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Where X can be either the specific humidity (ω) or enthalpy (h). The temperature (T) 
may also be used in this equation is the difference in the two incoming air streams is not large. 





Figure 15 Air Mixing Diagram 
 
There are also five set temperature values that will be consistent throughout the 
calculation process for each location. These values are summarized below in Table 3. 
 
Table 3 Set Values for Cooling & Heating Load Calculations 
 
Description Parameter Value 
Cooling Load (Summer Operation) 
Room Supply Air Temperature T6 61°F 16.1°C 
Desiccant Wheel Regen. Air Temp. T12 178°F 81°C 
Heating Load (Winter Operation) 
Room Supply Air Temperature T6 100°F 37.8°C 
Desiccant Wheel Proc. Air Temp. T2 122°F 50°C 









CHAPTER 4: MODEL RESULTS 
 
 
4.1. Summer Operation (Cooling Load) 
For this section, the results case for Chattanooga, TN will be used. Utilizing the 
psychrometric chart and ASHRAE psychrometric correlations the parameter values for humidity 
ratio (ω), relative humidity (φ), enthalpy (h), and specific volume (ν) can be determined. It is 
important to note that all heaters in the system are assumed to be sensible (constant ω). The 
psychrometric parameters for state 1 and state 9 are the same (outdoor conditions) and the 
parameter values for state 7 and 8 are the same (room conditions). The required mass flow rate 
for this system is determined from the given required fresh air flow (V) and the specific volume 
(ν) of the outdoor air. For the summer operation utilizing the M-Cycle, the value for the 
required fresh air will need to be doubled due to flow rate splitting between states 3 and 4. The 








ṁ1 = ṁ2 = ṁ3 = ṁ10 = ṁ11 = ṁ12 = ṁ13 (5) 
 





ṁ5 = ṁ6 = ṁ7 + ṁ4 (7) 
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In order to determine the mass flow rate for state 7, the Sensible heat ratio (SHR) and 
the psychrometric chart are used. The sensible heat ratio (9) is the ratio of sensible heat to total 
heat (sensible and latent) of the space shown in equations (8) and (9). 
 
 










By translating a parallel line corresponding to the SHR value between the temperatures 
at state 7 and 6, the psychrometric parameters for state 6 can be found. An example is shown 
below in Figure 16 where RC represents the room conditions (76°F, 55% RH) and SA represents 




Figure 16 Summer Psychrometric Properties Using SHR and Psychrometric Chart [13] 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Peak Load, Q =  ?̇?6(ℎ7 − ℎ6) (10) 
 
Then using equation (7) the flow rate for state 7 can be determined. Once the flow rates 
have been determined, employing the mixing box equation (3) to the two mixing boxes will 
yield the final psychrometric parameters. The rest of the parameters are determined by using 
the equations for wet-bulb effectiveness (1) and the programs for the heat wheel and desiccant 
wheel. 
The second portion of calculations needed for this thesis is for the system without the 
heat wheel, desiccant wheel, and indirect evaporative cooler (M-Cycle). To determine the load 
for the simplified system, we translate the ambient conditions to State 4. Using the mixing box 
equations (3) we can find a modified state 5’. Once the psychrometric parameters are 




QA/C =  ?̇?5(ℎ6 − ℎ5) (11) 
  
For the summer operation for Chattanooga, TN a savings of 24.4% occurs by using the 
proposed system over a conventional system without the M-Cycle, desiccant and heat wheels. 








Figure 18 Energy Recovery System for Summer Application, IP Units 
 
4.2. Winter Operation (Heating Load) 
For this section, the results case for Chattanooga, TN will be used. Utilizing the 
psychrometric chart and ASHRAE psychrometric correlations the parameter values for humidity 
ratio (ω), relative humidity (φ), enthalpy (h), and specific volume (ν) can be determined. It is 
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important to note that all heaters in the system are assumed to be sensible (constant ω). The 
psychrometric parameters for state 7 and 8 are the same (room conditions). The psychrometric 
properties for the states at the inlet and exit of the heat and desiccant wheels are determined 
by using the computer programs. The required mass flow rate for this system is determined 
from the given required fresh air flow (V) and the specific volume (ν) of the outdoor air. Unlike 
the summer conditions, there is no diverting of air flow via the M-Cycle. The flow rate 








ṁ0 = ṁ1 = ṁ2 = ṁ3 = ṁ4 = ṁ8 = ṁ9 = ṁ10 (13) 
 
ṁ5 = ṁ6 = ṁ7 + ṁ4 (14) 
 
In order to determine the mass flow rate for state 7, the Sensible heat ratio (SHR) and 
the psychrometric chart are used. By translating a parallel line corresponding to the SHR value 
between the temperatures at state 7 and 6, the psychrometric parameters for state 6 can be 
found. An example is shown below in Figure 19 where RC represents the room conditions (72°F, 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Using equation (10) from the previous section, the mass flow rate for state 6 can be 
determined. Then using equation (7) the flow rate for state 7 can be determined. Since the 
mechanism between state 6 and 5 is a heater which is assumed to be sensible we find that the 
humidity ratio is constant between them (ω₆ = ω₅). Using the mixing box equation (3) the 
humidity ratio for state 4 can be determined. Equation (15) is used to determine the flow rate 
of the water through the humidifier. 
 
 
ṁ11 = ṁw = ṁ3(𝜔4 − 𝜔3) (15) 
 
Using the value for the fluid enthalpy of the water at the temperature for state 11, the 
enthalpy for state 4 can be determined by performing an energy balance on the humidifier 
resulting in equation (16). 
 
 
ṁ4h4 =  ṁ11hƒ @ T11 +  ṁ3h3 (16) 
 
4.3. Model Results 
 The results of the model for the Peak Cooling Load (Summer Operation) are summarized 
in Table 4, where QA/C is the load on the system with the advanced components and Q’A/C is the 











(tons) % Difference 
Abilene, TX 24.7 32.0 22.7% 
Chattanooga, TN 21.4 28.3 24.4% 
Chicago, IL 21.1 27.7 23.6% 
Houston, TX 27.1 33.6 19.2% 
Miami, FL 24.0 30.4 21.1% 
New York City, NY 22.0 28.0 21.2% 
Phoenix, AZ 19.8 27.1 27.1% 
 
The model applied to the ambient conditions for the peak cooling load given by the 
TABLER data sheets yields a reduction between 19-28% for the chosen locations. The results of 
the model for the Peak Heating Load (Winter Operation) are summarized in Table 5, where QH2 
is the heat supplied to the heating coil (H2) with the advanced components and Q’H2 is the heat 
supplied to the coil for the system without the advanced components. 
 






(tons) % Difference 
Abilene, TX 25.5 45.2 43.7% 
Chattanooga, TN 13.5 30.6 56.0% 
Chicago, IL 33.5 57.0 41.2% 
Houston, TX 14.4 28.9 50.2% 
Miami, FL 8.7 21.1 58.6% 
New York City, NY 25.6 44.3 42.2% 
Phoenix, AZ 14.4 28.0 48.5% 
 
The model applied to the ambient conditions for the peak heating load given by the 
TABLER data sheets yields a reduction between 41-59% for the chosen locations. 
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4.4. Economic Analysis 
 Using the table of equivalent full load cooling and heating hours from ASHRAE [14] and 
the calculated loads for heating and cooling, an estimation of payback period can be 
determined. The relevant subset of the complete table of equivalent hours is shown in Table 6. 
 
Table 6 Subset of Equivalent Full Load Cooling and Heating Hours 
 
Location 
Office — 8 to 5 
Five Days / Week 
Cooling Heating 
Low¹ High² Low¹ High² 
Atlanta, GA 950 1360 480 690 
Chicago, IL 420 780 820 920 
Dallas, TX 1100 1580 340 520 
Houston, TX 1240 1770 250 350 
Miami, FL 1500 2150 35 45 
New York City, NY 540 1040 790 870 
Phoenix, AZ 1130 1610 210 290 
¹ Assumes unit is off when unoccupied for cooling, and 10°F set-back in heating 
² Assumes no set-back control 
 
 Table 6 shows the equivalent full load hours for heating and cooling annually for an 
office building operating five days a week between the hours of 8 A.M. and 5 P.M. The low 
hours assume the unit is turned off when the building is unoccupied and has a 10 °F set-back 
temperature for heating. The high hours assumes no set-back control. It should be noted that 
the given data for equivalent does not include Abilene, TX or Chattanooga, TN. For the purposes 
of calculating the estimated costs, the closest geographical city given is used (Atlanta, GA for 
Chattanooga and Dallas, TX for Abilene, TX). The cooling load cost will be based on the average 
cost of electricity for each city given by the U.S. Energy Information Administration (EIA) in the 
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Electric Power Annual 2019 [15] report. The estimated cost for heating will use the average 
annual cost of natural gas for each city given by the U.S. EIA in the Natural Gas Annual 2019 [16] 
Report. These values are summarized below in Table 7. 
 
Table 7 Average Annual Cost of Electricity and Natural Gas for Commercial Use [15, 16] 
 
Location 
Avg. Cost Electricity 
(¢/kWh) 
Avg. Cost Natural Gas 
($/therm) 
Abilene, TX 8.06 0.60 
Chattanooga, TN 10.65 0.78 
Chicago, IL 9.08 0.68 
Houston, TX 8.06 0.60 
Miami, FL 9.27 1.11 
New York City, NY 14.06 0.70 
Phoenix, AZ 10.25 0.70 
 
Another consideration for the cost associated with heating is an assumed average 
efficiency of 63% for the natural gas furnace is used. Figure 20 and Figure 21 show the cooling 


































Using a capital cost of $5,000 for the M-Cycle cooler and $4,000 for the desiccant and 
heat wheels [17], a simple payback period can be determined for the high and low equivalent 
hour cases. Table 8 summarizes the annual savings for heating and cooling and payback periods 
for the high and low cases of equivalent full load hours. 
 
Table 8 Total Savings and Payback Period Based on Equivalent Full Load Hours 
 
Location 




(Low) (High) (Low) (High) 
Abilene, TX¹ $ 3,037 $ 4,432 2.96 2.03 
Chattanooga, TN² $ 3,676 $ 5,270 2.45 1.71 
Chicago, IL $ 3,370 $ 4,432 2.67 2.03 
Houston, TX $ 2,696 $ 3,837 3.34 2.35 
Miami, FL $ 3,221 $ 4,603 2.79 1.96 
New York City, NY $ 3,559 $ 5,240 2.53 1.72 
Phoenix, AZ $ 3,356 $ 4,765 2.68 1.89 
¹ Uses Equivalent Hours for Closest City - Houston, TX 
² Uses Equivalent Hours for Closest City - Atlanta, GA 
 
Based on the results shown in Table 8 the payback period for the low equivalent hours 
on average is around 2.8 years while the payback period for the high equivalent hours on 
average is close to 2 years. While the payback period calculated is lower for the high equivalent 
hours, it should be noted that the annual cost will be higher since the units continuously run 








CHAPTER 5: CONCLUSIONS 
 
 
 Based on the results in the previous section for the model, this advanced system 
demonstrates the ability to improve the overall efficiency of the heating and air conditioning 
unit for a light commercial building. In terms of economic impact of implementing this system, 
the cities of Chattanooga, TN and New York City, NY have the quickest payback period ranging 
for both the low (2.45 and 2.53 years respectively) and high (1.71 and 1.71 years respectively) 
equivalent load hours. Houston has the longest payback periods for the low (3.34 years) and 
high (2.35 years) equivalent load hours. These annual costs could be further reduced by 
obtaining various federal or local incentives for implementing an environmentally friendly 
system for heating and cooling. The advanced heating and cooling system consisting of an M-
Cycle indirect evaporative cooler, heat wheel, and desiccant wheel provide an environmentally 
friendly option that demonstrates the ability to handle the peak loads for the selected 
locations. This system also provides a step forward with regards to climate change in the area 
of heating and cooling. The future development of advanced systems will be further progressed 
via federal and local utility incentives to develop and implement these environmentally friendly 
solutions.  
 Further study on this system would involve the determination of the ability to operate 
these systems utilizing photovoltaic thermal hybrid (PVT) collector. If the ability to supply the 
heating and electric requirements for this system can be satisfied using PVT panels, this system 
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would be a good candidate for contributing to a zero-energy building. A similar analysis could 
be explored for remote or exotic regions of the planet to determine if there is a benefit to 
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Abilene, TX ― Abilene Dyess AFB WMOID 690190 Chattanooga, TN ― Lovell Field AP WMOID 723240 Chicago, IL ― Midway AP WMOID 725340
Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum
(M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%)
2/04 1 6.98 95 6/19 1 86 55 12/20 1 19.04 50 6/28 1 75.92 94 2/03 1 -14.08 48 8/01 1 79.34 74
2/04 2 5 100 6/19 2 84.2 58 12/20 2 17.96 52 6/28 2 75.02 97 2/03 2 -15.16 50 8/01 2 79.16 78
2/04 3 6.98 95 6/19 3 84.2 62 12/20 3 17.96 47 6/28 3 73.04 97 2/03 3 -15.16 50 8/01 3 78.98 74
2/04 4 5.9 95 6/19 4 82.4 70 12/20 4 17.06 55 6/28 4 73.04 97 2/03 4 -15.16 50 8/01 4 78.8 65
2/04 5 2.84 95 6/19 5 80.6 79 12/20 5 15.98 58 6/28 5 73.04 97 2/03 5 -16.06 53 8/01 5 77 69
2/04 6 3.92 100 6/19 6 80.6 79 12/20 6 15.98 55 6/28 6 71.96 97 2/03 6 -16.06 53 8/01 6 78.8 65
2/04 7 1.94 95 6/19 7 82.4 79 12/20 7 15.98 52 6/28 7 75.92 90 2/03 7 -17.14 56 8/01 7 80.6 70
2/04 8 3.92 95 6/19 8 86 70 12/20 8 15.98 55 6/28 8 82.04 77 2/03 8 -16.06 53 8/01 8 84.2 66
2/04 9 14.9 86 6/19 9 89.6 63 12/20 9 17.96 47 6/28 9 84.92 72 2/03 9 -14.26 51 8/01 9 87.8 59
2/04 10 20.84 72 6/19 10 93.2 55 12/20 10 19.94 41 6/28 10 89.96 64 2/03 10 -12.1 48 8/01 10 89.6 56
2/04 11 25.88 56 6/19 11 96.8 47 12/20 11 21.02 39 6/28 11 91.94 58 2/03 11 -8.14 46 8/01 11 91.4 53
2/04 12 28.94 51 6/19 12 98.6 45 12/20 12 23 34 6/28 12 95 49 2/03 12 -4 41 8/01 12 93.2 50
2/04 13 32.9 43 6/19 13 100.4 42 12/20 13 26.06 29 6/28 13 95 49 2/03 13 -3.1 39 8/01 13 93.2 50
2/04 14 35.96 38 6/19 14 104 36 12/20 14 28.94 27 6/28 14 96.98 45 2/03 14 -1.12 40 8/01 14 93.2 47
2/04 15 37.94 39 6/19 15 104 36 12/20 15 30.92 22 6/28 15 96.98 45 2/03 15 -1.12 40 8/01 15 93.2 50
2/04 16 37.94 39 6/19 16 104 34 12/20 16 33.08 20 6/28 16 98.06 46 2/03 16 -2.02 47 8/01 16 93.2 53
2/04 17 36.86 43 6/19 17 104 32 12/20 17 33.98 21 6/28 17 96.98 43 2/03 17 -3.1 46 8/01 17 91.4 56
2/04 18 34.88 46 6/19 18 104 30 12/20 18 33.08 21 6/28 18 95 47 2/03 18 -5.08 51 8/01 18 91.4 56
2/04 19 29.84 60 6/19 19 100.4 33 12/20 19 32 22 6/28 19 93.02 52 2/03 19 -6.16 55 8/01 19 89.6 59
2/04 20 24.98 68 6/19 20 96.8 39 12/20 20 30.92 23 6/28 20 89.06 61 2/03 20 -8.14 58 8/01 20 87.8 66
2/04 21 27.86 65 6/19 21 93.2 47 12/20 21 30.02 27 6/28 21 84.92 70 2/03 21 -9.04 54 8/01 21 87.8 66
2/04 22 26.96 65 6/19 22 91.4 49 12/20 22 28.04 32 6/28 22 84.02 72 2/03 22 -10.12 57 8/01 22 86 70
2/04 23 30.92 54 6/19 23 91.4 49 12/20 23 28.94 31 6/28 23 82.94 74 2/03 23 -10.12 57 8/01 23 86 70
2/04 24 32 59 6/19 24 89.6 52 12/20 24 28.04 34 6/28 24 80.06 85 2/03 24 -10.12 54 8/01 24 78.8 65
Houston, TX ― William P Hobby AP WMOID 722435 Miami, FL ― Kendall Tamia WMOID 722029 New York City, NY ― J F Kennedy Intl AP WMOID 744860
Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum
(M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%)
3/08 1 38.84 60 8/02 1 82.04 90 1/25 1 50 60 8/01 1 77.54 89 2/06 1 8.06 39 8/03 1 80.06 76
3/08 2 36.86 65 8/02 2 80.96 94 1/25 2 48.92 61 8/01 2 76.82 94 2/06 2 8.06 39 8/03 2 80.06 79
3/08 3 35.96 64 8/02 3 80.96 94 1/25 3 47.84 66 8/01 3 75.92 94 2/06 3 6.98 43 8/03 3 78.98 82
3/08 4 34.88 64 8/02 4 80.96 94 1/25 4 47.84 58 8/01 4 75.2 89 2/06 4 8.06 43 8/03 4 78.98 85
3/08 5 34.88 64 8/02 5 80.06 94 1/25 5 47.84 58 8/01 5 73.4 94 2/06 5 8.06 50 8/03 5 78.08 85
3/08 6 33.98 63 8/02 6 80.06 97 1/25 6 47.84 56 8/01 6 73.4 94 2/06 6 8.96 57 8/03 6 78.98 85
3/08 7 32.9 63 8/02 7 82.04 94 1/25 7 46.94 58 8/01 7 78.8 89 2/06 7 8.06 53 8/03 7 78.98 85
3/08 8 33.98 63 8/02 8 84.92 85 1/25 8 46.94 58 8/01 8 82.4 84 2/06 8 8.96 54 8/03 8 80.06 79
3/08 9 36.86 57 8/02 9 87.08 82 1/25 9 52.88 46 8/01 9 86 70 2/06 9 10.04 54 8/03 9 82.04 74
3/08 10 41.9 46 8/02 10 89.96 68 1/25 10 55.94 45 8/01 10 89.6 63 2/06 10 12.02 52 8/03 10 84.92 68
3/08 11 44.96 41 8/02 11 89.06 72 1/25 11 59.9 46 8/01 11 89.6 56 2/06 11 12.92 52 8/03 11 84.02 72
3/08 12 50 31 8/02 12 89.96 68 1/25 12 60.98 41 8/01 12 93.2 53 2/06 12 15.08 49 8/03 12 82.94 77
3/08 13 52.16 30 8/02 13 91.94 62 1/25 13 62.96 38 8/01 13 93.2 50 2/06 13 17.06 45 8/03 13 84.02 77
3/08 14 53.96 30 8/02 14 93.02 58 1/25 14 63.86 34 8/01 14 93.2 50 2/06 14 17.96 47 8/03 14 86 72
3/08 15 55.94 27 8/02 15 93.92 62 1/25 15 63.86 37 8/01 15 93.2 47 2/06 15 19.04 50 8/03 15 84.02 77
3/08 16 55.94 26 8/02 16 93.02 62 1/25 16 64.94 35 8/01 16 91.4 63 2/06 16 19.04 47 8/03 16 82.94 79
3/08 17 56.84 23 8/02 17 93.02 58 1/25 17 63.86 31 8/01 17 89.6 63 2/06 17 19.94 43 8/03 17 82.04 82
3/08 18 54.86 26 8/02 18 89.06 68 1/25 18 59.9 44 8/01 18 87.8 66 2/06 18 19.94 45 8/03 18 80.06 87
3/08 19 51.98 32 8/02 19 84.92 80 1/25 19 56.84 53 8/01 19 84.2 74 2/06 19 17.06 78 8/03 19 78.98 90
3/08 20 50.9 33 8/02 20 82.04 82 1/25 20 54.86 64 8/01 20 78.8 74 2/06 20 17.96 61 8/03 20 78.98 94
3/08 21 50 34 8/02 21 78.98 97 1/25 21 54.86 59 8/01 21 77 78 2/06 21 17.96 50 8/03 21 78.98 90
3/08 22 47.84 43 8/02 22 78.98 97 1/25 22 52.88 66 8/01 22 75.2 83 2/06 22 17.06 47 8/03 22 78.08 93
3/08 23 43.88 54 8/02 23 80.06 94 1/25 23 52.88 69 8/01 23 77 78 2/06 23 17.06 45 8/03 23 77 94
3/08 24 44.96 50 8/02 24 78.98 97 1/25 24 50.9 74 8/01 24 75.2 89 2/06 24 17.06 40 8/03 24 75.92 94
Phoenix, AZ ― Sky Harbor Intl AP WMOID 722780
Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum
(M/DD) (Hour) (°F) (%) (M/DD) (Hour) (°F) (%)
1/20 1 44.06 39 8/01 1 88.7 36
1/20 2 44.06 34 8/01 2 89.06 36
1/20 3 41 42 8/01 3 89.6 40
1/20 4 41 36 8/01 4 89.96 44
1/20 5 39.92 36 8/01 5 89.06 45
1/20 6 37.94 41 8/01 6 89.06 45
1/20 7 37.04 40 8/01 7 87.98 47
1/20 8 37.04 44 8/01 8 89.96 44
1/20 9 41 38 8/01 9 93.92 38
1/20 10 46.94 29 8/01 10 98.06 33
1/20 11 51.08 24 8/01 11 98.96 31
1/20 12 51.98 20 8/01 12 100.04 30
1/20 13 53.96 17 8/01 13 102.02 28
1/20 14 57.02 15 8/01 14 104 26
1/20 15 60.08 13 8/01 15 105.98 26
1/20 16 60.98 12 8/01 16 107.06 25
1/20 17 60.98 13 8/01 17 107.06 25
1/20 18 57.92 18 8/01 18 107.06 26
1/20 19 55.04 21 8/01 19 107.06 25
1/20 20 53.96 20 8/01 20 105.08 28
1/20 21 53.06 20 8/01 21 102.92 29
1/20 22 50 26 8/01 22 102.02 30
1/20 23 46.94 30 8/01 23 100.94 31
1/20 24 46.94 30 8/01 24 98.06 34
54 
 
Abilene, TX ― Abilene Dyess AFB WMOID 690190 Chattanooga, TN ― Lovell Field AP WMOID 723240 Chicago, IL ― Midway AP WMOID 725340
Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum
(M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%)
2/04 1 -13.9 95 6/19 1 30 55 12/20 1 -7.2 50 6/28 1 24.4 94 2/03 1 -25.6 48 8/01 1 26.3 74
2/04 2 -15 100 6/19 2 29 58 12/20 2 -7.8 52 6/28 2 23.9 97 2/03 2 -26.2 50 8/01 2 26.2 78
2/04 3 -13.9 95 6/19 3 29 62 12/20 3 -7.8 47 6/28 3 22.8 97 2/03 3 -26.2 50 8/01 3 26.1 74
2/04 4 -14.5 95 6/19 4 28 70 12/20 4 -8.3 55 6/28 4 22.8 97 2/03 4 -26.2 50 8/01 4 26 65
2/04 5 -16.2 95 6/19 5 27 79 12/20 5 -8.9 58 6/28 5 22.8 97 2/03 5 -26.7 53 8/01 5 25 69
2/04 6 -15.6 100 6/19 6 27 79 12/20 6 -8.9 55 6/28 6 22.2 97 2/03 6 -26.7 53 8/01 6 26 65
2/04 7 -16.7 95 6/19 7 28 79 12/20 7 -8.9 52 6/28 7 24.4 90 2/03 7 -27.3 56 8/01 7 27 70
2/04 8 -15.6 95 6/19 8 30 70 12/20 8 -8.9 55 6/28 8 27.8 77 2/03 8 -26.7 53 8/01 8 29 66
2/04 9 -9.5 86 6/19 9 32 63 12/20 9 -7.8 47 6/28 9 29.4 72 2/03 9 -25.7 51 8/01 9 31 59
2/04 10 -6.2 72 6/19 10 34 55 12/20 10 -6.7 41 6/28 10 32.2 64 2/03 10 -24.5 48 8/01 10 32 56
2/04 11 -3.4 56 6/19 11 36 47 12/20 11 -6.1 39 6/28 11 33.3 58 2/03 11 -22.3 46 8/01 11 33 53
2/04 12 -1.7 51 6/19 12 37 45 12/20 12 -5 34 6/28 12 35 49 2/03 12 -20 41 8/01 12 34 50
2/04 13 0.5 43 6/19 13 38 42 12/20 13 -3.3 29 6/28 13 35 49 2/03 13 -19.5 39 8/01 13 34 50
2/04 14 2.2 38 6/19 14 40 36 12/20 14 -1.7 27 6/28 14 36.1 45 2/03 14 -18.4 40 8/01 14 34 47
2/04 15 3.3 39 6/19 15 40 36 12/20 15 -0.6 22 6/28 15 36.1 45 2/03 15 -18.4 40 8/01 15 34 50
2/04 16 3.3 39 6/19 16 40 34 12/20 16 0.6 20 6/28 16 36.7 46 2/03 16 -18.9 47 8/01 16 34 53
2/04 17 2.7 43 6/19 17 40 32 12/20 17 1.1 21 6/28 17 36.1 43 2/03 17 -19.5 46 8/01 17 33 56
2/04 18 1.6 46 6/19 18 40 30 12/20 18 0.6 21 6/28 18 35 47 2/03 18 -20.6 51 8/01 18 33 56
2/04 19 -1.2 60 6/19 19 38 33 12/20 19 0 22 6/28 19 33.9 52 2/03 19 -21.2 55 8/01 19 32 59
2/04 20 -3.9 68 6/19 20 36 39 12/20 20 -0.6 23 6/28 20 31.7 61 2/03 20 -22.3 58 8/01 20 31 66
2/04 21 -2.3 65 6/19 21 34 47 12/20 21 -1.1 27 6/28 21 29.4 70 2/03 21 -22.8 54 8/01 21 31 66
2/04 22 -2.8 65 6/19 22 33 49 12/20 22 -2.2 32 6/28 22 28.9 72 2/03 22 -23.4 57 8/01 22 30 70
2/04 23 -0.6 54 6/19 23 33 49 12/20 23 -1.7 31 6/28 23 28.3 74 2/03 23 -23.4 57 8/01 23 30 70
2/04 24 0 59 6/19 24 32 52 12/20 24 -2.2 34 6/28 24 26.7 85 2/03 24 -23.4 54 8/01 24 26 65
Houston, TX ― William P Hobby AP WMOID 722435 Miami, FL ― Kendall Tamia WMOID 722029 New York City, NY ― J F Kennedy Intl AP WMOID 744860
Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum
(M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%)
3/08 1 3.8 60 8/02 1 27.8 90 1/25 1 10 60 8/01 1 25.3 89 2/06 1 -13.3 39 8/03 1 26.7 76
3/08 2 2.7 65 8/02 2 27.2 94 1/25 2 9.4 61 8/01 2 24.9 94 2/06 2 -13.3 39 8/03 2 26.7 79
3/08 3 2.2 64 8/02 3 27.2 94 1/25 3 8.8 66 8/01 3 24.4 94 2/06 3 -13.9 43 8/03 3 26.1 82
3/08 4 1.6 64 8/02 4 27.2 94 1/25 4 8.8 58 8/01 4 24 89 2/06 4 -13.3 43 8/03 4 26.1 85
3/08 5 1.6 64 8/02 5 26.7 94 1/25 5 8.8 58 8/01 5 23 94 2/06 5 -13.3 50 8/03 5 25.6 85
3/08 6 1.1 63 8/02 6 26.7 97 1/25 6 8.8 56 8/01 6 23 94 2/06 6 -12.8 57 8/03 6 26.1 85
3/08 7 0.5 63 8/02 7 27.8 94 1/25 7 8.3 58 8/01 7 26 89 2/06 7 -13.3 53 8/03 7 26.1 85
3/08 8 1.1 63 8/02 8 29.4 85 1/25 8 8.3 58 8/01 8 28 84 2/06 8 -12.8 54 8/03 8 26.7 79
3/08 9 2.7 57 8/02 9 30.6 82 1/25 9 11.6 46 8/01 9 30 70 2/06 9 -12.2 54 8/03 9 27.8 74
3/08 10 5.5 46 8/02 10 32.2 68 1/25 10 13.3 45 8/01 10 32 63 2/06 10 -11.1 52 8/03 10 29.4 68
3/08 11 7.2 41 8/02 11 31.7 72 1/25 11 15.5 46 8/01 11 32 56 2/06 11 -10.6 52 8/03 11 28.9 72
3/08 12 10 31 8/02 12 32.2 68 1/25 12 16.1 41 8/01 12 34 53 2/06 12 -9.4 49 8/03 12 28.3 77
3/08 13 11.2 30 8/02 13 33.3 62 1/25 13 17.2 38 8/01 13 34 50 2/06 13 -8.3 45 8/03 13 28.9 77
3/08 14 12.2 30 8/02 14 33.9 58 1/25 14 17.7 34 8/01 14 34 50 2/06 14 -7.8 47 8/03 14 30 72
3/08 15 13.3 27 8/02 15 34.4 62 1/25 15 17.7 37 8/01 15 34 47 2/06 15 -7.2 50 8/03 15 28.9 77
3/08 16 13.3 26 8/02 16 33.9 62 1/25 16 18.3 35 8/01 16 33 63 2/06 16 -7.2 47 8/03 16 28.3 79
3/08 17 13.8 23 8/02 17 33.9 58 1/25 17 17.7 31 8/01 17 32 63 2/06 17 -6.7 43 8/03 17 27.8 82
3/08 18 12.7 26 8/02 18 31.7 68 1/25 18 15.5 44 8/01 18 31 66 2/06 18 -6.7 45 8/03 18 26.7 87
3/08 19 11.1 32 8/02 19 29.4 80 1/25 19 13.8 53 8/01 19 29 74 2/06 19 -8.3 78 8/03 19 26.1 90
3/08 20 10.5 33 8/02 20 27.8 82 1/25 20 12.7 64 8/01 20 26 74 2/06 20 -7.8 61 8/03 20 26.1 94
3/08 21 10 34 8/02 21 26.1 97 1/25 21 12.7 59 8/01 21 25 78 2/06 21 -7.8 50 8/03 21 26.1 90
3/08 22 8.8 43 8/02 22 26.1 97 1/25 22 11.6 66 8/01 22 24 83 2/06 22 -8.3 47 8/03 22 25.6 93
3/08 23 6.6 54 8/02 23 26.7 94 1/25 23 11.6 69 8/01 23 25 78 2/06 23 -8.3 45 8/03 23 25 94
3/08 24 7.2 50 8/02 24 26.1 97 1/25 24 10.5 74 8/01 24 24 89 2/06 24 -8.3 40 8/03 24 24.4 94
Phoenix, AZ ― Sky Harbor Intl AP WMOID 722780
Date Time A.Temp Rel.Hum Date Time A.Temp Rel.Hum
(M/DD) (Hour) (°C) (%) (M/DD) (Hour) (°C) (%)
1/20 1 6.7 39 8/01 1 31.5 36
1/20 2 6.7 34 8/01 2 31.7 36
1/20 3 5 42 8/01 3 32 40
1/20 4 5 36 8/01 4 32.2 44
1/20 5 4.4 36 8/01 5 31.7 45
1/20 6 3.3 41 8/01 6 31.7 45
1/20 7 2.8 40 8/01 7 31.1 47
1/20 8 2.8 44 8/01 8 32.2 44
1/20 9 5 38 8/01 9 34.4 38
1/20 10 8.3 29 8/01 10 36.7 33
1/20 11 10.6 24 8/01 11 37.2 31
1/20 12 11.1 20 8/01 12 37.8 30
1/20 13 12.2 17 8/01 13 38.9 28
1/20 14 13.9 15 8/01 14 40 26
1/20 15 15.6 13 8/01 15 41.1 26
1/20 16 16.1 12 8/01 16 41.7 25
1/20 17 16.1 13 8/01 17 41.7 25
1/20 18 14.4 18 8/01 18 41.7 26
1/20 19 12.8 21 8/01 19 41.7 25
1/20 20 12.2 20 8/01 20 40.6 28
1/20 21 11.7 20 8/01 21 39.4 29
1/20 22 10 26 8/01 22 38.9 30
1/20 23 8.3 30 8/01 23 38.3 31


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Stewart Glenn Garrett Jr. was born in Talladega, AL, to the parents Kathleen Garrett and Stewart 
Garrett Sr. He attended the University of Tennessee, Chattanooga to pursue an undergraduate degree in 
mechanical engineering. During his undergraduate studies, he would go on to add a second degree in 
nuclear engineering. In May 2014 Glenn graduated with honors with a Bachelor’s of Science in 
Mechanical Engineering and a Bachelor’s of Science in Engineering with a focus on Nuclear Power. 
During his undergraduate studies, he would accept an internship with the Tennessee Valley Authority 
(TVA) working in Performance Improvement and later nuclear engineering. Glenn would go on to pursue 
a Master’s of Science in Mechanical Engineering graduating in the fall semester of 2020. 
